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Polarization induced spin switching of atoms in magnetic materials opens for possibilities to design
and develop advanced spintronic devices, in particular, storage devices where the magnetic state
can be controlled by an electric field. We employ density-functional theory calculations to study
the magnetic properties of a perovskite strontium cobalt oxyfluoride Sr2CoO3F (SCOF) in a hybrid
perovskite heterostructure, where SCOF is sandwiched between two ferroelectic BaTiO3 (BTO)
layers. Our calculations show that the spin state of the central Co atom in SCOF can be controlled
by altering the polarization direction of the BTO, specifically, to switch from high-spin state to low-
spin state by changing the relative orientation of the ferroelectric polarization of BTO with respect
to SCOF, leading to an unexpected, giant magnetoelectric coupling, αs ≈ 21× 10
−10 Gcm2/V.
Achieving high-speed switching, low power consump-
tion, and high operational stability simultaneously in
conventional magnetic storage media is a current chal-
lenge. Multiferroic materials with strong magnetoelec-
tric (ME) coupling may provide a solution to many of
these challenges [1, 2]. A strong ME coupling in a mate-
rial enables to control the magnetic properties by means
of an electric field and vice versa, a functionality that
is promising for a wide range of potential applications
such as sensors, high-density nonvolatile memory devices
and ME actuators [3–6]. In transition metals, the par-
tially filled d states are responsible for the occurrence of
magnetism. On the other hand, the empty d states may
exhibit ferroelectricity. Consequently, the coexistence of
ferroelectricity and magnetism at room temperature in
an intrinsic material is very difficult to observe [7]. Suit-
able alternatives could be multiferroic heterostructures
and composites that comprise both magnetic materials
and ferroelectric oxides, as was reported in recent years
[8–15].
In metal-oxide and oxyhalide based perovskites, the
covalent interactions between the metal center and its ox-
ide/halide ligand are at the heart of the trade-off between
charge, spin, and orbital degrees of freedom, leading to
interesting emergent physical properties, such as high-
spin (HS) to intermediate/low-spin (IS/LS) state tran-
sition, metal-insulator transition, and magnetoresistance
phenomenon, to name a few [16, 17]. The recently syn-
thesized perovskite layered structure of strontium cobalt
oxyfluoride Sr2CoO3F (SCOF) represents an interesting
coordination framework, wherein the coordination of the
metal Co atom can be switched from octahedral to square
pyramidal shape by an external stimulation. In the
ground state SCOF behaves as an antiferromagnetic insu-
lator with relatively high Ne´el temperature, TN = 323 K
[18]. A pressure driven spin-crossover has recently been
observed in layered SCOF. Tsujimoto et al. [19] showed
that the spin state of the Co3+ ion switches from HS
to LS configuration with an applied pressure of 12 GPa.
The main mechanism behind the spin state switching of
the Co atom with applied pressure is a shrinking of the
Co–F bond length, in which the coordination of the Co
atom changes from square pyramidal to octahedral, yet
without structural phase transition of SCOF [19]. Ou
et al. [20] showed that the spin-state transition is still
possible at a relatively low applied pressure. Their first-
principles calculation showed that the spin state switches
from HS to IS with an applied pressure ∼ 6 GPa. They
also showed that the relative position of the fluorine atom
plays a crucial role in determining the spin state of the Co
atom. A different, so far unexplored route to perturb the
local structure of SCOF and switch its spin state could
be to place the material in a charged environment.
With this in view, we study here the magnetic prop-
erties of a SCOF layer under the influence of an induced
polarization, created in a multiferroic heterostructure
that consists of SCOF between two ferroelectric BaTiO3
perovskite layers. The key idea is to design seamlessly
matching perovskite heterostructures and to use the in-
ternal polarization of BTO to drive the spin-crossover in
SCOF. Using first-principles calculations to investigate
the magnetic properties of the designed heterostructures
we show that the spin state of the Co3+ atom can be
efficiently controlled by the BTO polarization. Comput-
ing the magnetoelectric coupling strength of the BTO-
SCOF-BTO multiferroic heterostructure we find that it
exhibits a giant ME coefficient that is larger than current
record values.
To investigate the magnetic properties of BTO-SCOF-
BTO heterostructures we employ density-functional the-
ory (DFT) calculations using the VASP code [21]. For the
exchange-correlation functional we used the generalized-
gradient approximation (GGA) in the Perdew-Burke-
Ernzerhof (PBE) [22] parametrization. We implemented
DFT+U technique to capture the strong electron-
electron correlation which exists in the partially filled 3d
2shell and is missing in the conventional GGA [23]. This
has been proven to be an accurate technique to achieve
the precise spin state of molecules and low dimensional
magnetic systems [24–26]. The on-site Coulomb and ex-
change parameters U and J were chosen to be 5.0 eV
and 1.0 eV, respectively, for the Co atom. For further
computational details, see Ref. [27].
We carried out the investigation in two steps. To
start with, we studied the magnetic properties of bulk
SCOF in its optimized geometry. The initial lattice pa-
rameters and coordinates of cubic and tetragonal BTO
were obtained from previously reported studies [28, 29].
Subsequently, a full structural optimization of all bulk
structures was carried out. The polarization direction of
tetragonal BTO was determined from the relative dis-
placement of ions in the optimized structure[30]. The
crystal structure of optimized SCOF is shown in Fig.
1(a).
Next we modeled three different BTO-SCOF-BTO
multilayer heterostructures stacked along the [001] direc-
tion by using optimized SCOF and BTO structures. The
BTO slab was prepared using a 1×1×4 supercell of the
optimized bulk BTO unit cell. The cubic and tetragonal
structure of BTO were used in the nonpolar (NP) and
polar states, respectively, where the direction of BTO po-
larization is towards (P1) and away (P2) from the SCOF,
as shown in Figs. 1(c),(d). The structurally stable SrO-
TiO2 interface [31, 32] with optimized interlayer distance
was chosen in all three heterostructures. A vacuum layer
of 8 A˚ was used in all multilayer’s unit cells, with a BaO
surface termination. The atomic positions of all atoms in
the BTO layers on both sides of the heterostructure were
kept fixed during our simulation to provide the effect of a
charged environment due to a polarized electrode, using
carefully converged calculations [27].
The optimized geometries of bulk SCOF and BTO-
SCOF-BTO heterostructures are shown in Fig. 1(a-d).
The calculated ground state of SCOF is a tetragonal
structure with lattice parameters a = b = 3.92 A˚ and
c = 13.12 A˚ which are close to the reported experimental
values (a = b = 3.83 A˚ and c = 13.21 A˚) [19]. There
are two Co atoms in the unit cell of SCOF, both prefer
to be in the HS configuration with magnetic moment 3
µB in the ground state structure (see below). However,
in BTO-SCOF-BTO heterostructures with different ori-
entation of the BTO polarization, the local environment
of the Co atoms has significantly changed which leads to
a change in the spin state of the Co atoms. The theo-
retically obtained magnetic moment of the two Co atoms
in the bulk SCOF structure and in the heterostructures
with NP, P1, and P2 configurations are tabulated in Ta-
ble I.
In the bulk phase of SCOF the high spin of a Co atom
can be realized from the electronic configuration of the
Co3+ ion, where one of t2g orbitals is completely filled
and other two t2g along with eg orbitals are partially
FIG. 1. Optimized structures of bulk SCOF and three types
of BTO-SCOF-BTO multilayer configurations stacked along
[001] direction. (a) Bulk unit cell of SCOF, (b) nonpolar
system (NP), where the BTO composition is pseudo-cubic
with no polarization, (c) polar system (P1), the polarization
direction of BTO is toward SCOF, and (d) polar system (P2)
where the polarization is away from SCOF. Arrows in (c) and
(d) indicate the polarization orientation.
filled. We computed that the total magnetic moment on
each Co atom is 3.1 µB. Nominally, a Co
3+ ion would
have a d6 configuration where the magnetic moment in
HS state would be expected to be 4.0 µB. Here how-
ever the calculated moment is reduced due to a strong
covalence interaction with the nearest neighbor O and F
atoms. A significant charge transfer to the Co atom re-
sults from this, which makes the Co-d occupancy closer to
7 electrons in each considered configuration. Our calcu-
lation shows that the magnetic moment of the Co atoms
in the NP configuration are not altered, both Co1 and
Co2 magnetic moments are in the HS state as for bulk
SCOF. However, the total magnetic moment of the unit
cell changes for the different polar P1 and P2 configu-
rations. The maximum change is observed in the P1
alignment for the central Co atom which is farthest from
the SCOF-BTO interface, i.e., Co2 in Fig. 1(a).
In the P1 configuration the magnetic moment on Co2
decreased from 3.059 µB to −0.051 µB, which demon-
TABLE I. Ab initio calculated magnetic moments (in µB)
on the Co atoms in bulk SCOF, and in the NP, P1, and P2
configurations of the heterostructures.
SCOF NP P1 P2
Co1 3.101 3.025 3.068 2.945
Co2 3.101 3.059 -0.051 3.010
3strates that the Co2 atom spin has switched from HS to
LS (S = 0). Interestingly, in the P2 configuration, the
Co2 atom again switched its spin state from LS to HS
(3.010 µB). Such a large change in the magnetic behav-
ior due to the change of the orientation of the electric
polarization leads to a strong ME coupling in the SCOF.
We have estimated the surface ME-coupling coefficient
(αs) by using
µ0∆M = αsE (1)
where µ0 is the vacuum permeability, ∆M is the change
in magnetic flux and E is the applied electric field. ∆M
was estimated by considering the magnetic moment dif-
ference between the P1 and P2 states per unit sur-
face area, i.e., 2.938 µB/a
2 (a is the in-plane lattice
constant of the P1 and P2 heterostructures, which is
same as optimized tetragonal BTO lattice constant i.e.,
a = b = 3.9767 A˚, c/a = 1.0383). Considering the coer-
cive field of BTO (Ec) of 100 kV/cm [33] we obtained the
ME coefficient αs ≈ 21.65× 10
−10 Gcm2/V.
It is interesting to compare our result with previously
reported αs values for different systems. Duan et al.
showed that in Fe/BTO bilayers the magnetic proper-
ties depend, too, on the orientation of the BTO ferro-
electric polarization and estimated αs = 0.01 × 10
−10
Gcm2/V [34]. Similar values were estimated for ultrathin
Co and Ni film on a BTO surface and BFO/CoFe2O4
interfaces [33, 35]. A robust 180◦ switching of the Fe
magnetization by an applied electric field has been pre-
dicted for an Fe-Au-Fe trilayer on BTO [15]. A sig-
nificant increase in the ME-coupling constant values
were reported for SrTiO3/SrRuO3 (2 × 10
−10 Gcm2/V)
[36], MnFe3N/BTO (4 × 10
−10 Gcm2/V), Mn2/TiO2
(1.2×10−10 Gcm2/V) [10], Co/PbZr0.2Ti0.8O3 (2×10
−10
Gcm2/V) [37], Fe3O4/BTO (0.7 × 10
−10 Gcm2/V) [38]
and SrRuO3/BTO (2.3 × 10
−10 Gcm2/V) [39]. The
largest value αs=20× 10
−10 Gcm2/V) was reported for
an FeO/BTO interface, when a single layer FeO was con-
sidered on a BTO surface [40]. Our estimated value of
αs for SOCF/BTO interface exceeds previously reported
values, in most cases, by a factor of 10. In comparison
to the αs estimation of Ref. [40], it was found there that
the direction of the Fe moment in the FeO layer switches
its direction, whereas here in the SCOF layer the central
Co switches between HS and LS configurations.
To understand the spin-state switching mechanisms we
carefully studied the electronic structure of the system.
Thereto we used the hybrid functional method to obtain
an accurate band gap and relative positions of bands.
We used a 20% Hartree-Fock exchange on top of GGA.
The thus-calculated band gap for SCOF in its bulk phase
is 2.42 eV. Spin-resolved and atom-projected density of
states (DOS) of SCOF in its bulk phase as well as in
BTO-SCOF-BTO heterostructures are shown in Fig. 2.
In all four cases, both the valance band maxima and
the conduction band minima are composed of Co 3d and
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FIG. 2. Atom projected DOS of Co (black), O (red), and F
(green lines) in (a) bulk SCOF, (b) NP, (c) P1, and (d) P2
configurations. The solid vertical magenta bars indicate the
Co–ligand hybridization which causes the crystal-field split-
ting in the P1 configuration. Spin-up and spin-down partial
DOS are shown by positive and negative values, respectively.
The Fermi level (EF ) is set at E = 0.
O 2p states. Note that the bound charge created at the
interface due to the polarized BTO may have a signifi-
cant effect on the local structure of SCOF, specially the
anion’s position can be expected to be changed due to
charge accumulations. The calculated bond lengths and
bond angles of the Co2 octahedron in the P1 and P2
configurations are shown in Fig. 3.
In the P1 configuration, the polarization is pointing
toward the SCOF, therefore there are positive bound
charges at the interface. We observed that the Co2–F
bond length reduced by∼0.2 A˚ in this configuration com-
pare to the P2. Therefore an increase of covalency in the
Co–F bond is expected. Also positive bound charges at
the interface affects the electrons in outer orbitals (dxz
and dyz states) which leads to a charge redistribution in
the d-orbitals of the Co2 atom. To understand the ef-
FIG. 3. Calculated bond angle and bond lengths of the Co2
octahedron in the P1 and P2 configurations. The atoms are
labelled by the corresponding colors.
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FIG. 4. The 3d-orbital projected DOS of the Co2 atom in (a)
bulk SCOF, (b) NP, (c) P1, and (d) P2 configurations. The 3d
orbitals are depicted by the different colors and spin-up and
spin-down DOS are shown as positive and negative values,
respectively. (e) Schematic diagram of electron occupancy in
the high-spin and low-spin state configuration of Co2.
fect we further calculated the orbital projected DOS of
Co2 3d electrons in bulk SCOF and NP, P1, and P2 het-
erostructures, shown in Fig. 4. We found that three of
the t2g orbitals are fully occupied and the eg orbitals are
completely empty in the P1 configuration, whereas they
are partially filed in the bulk configuration. This result
can be explained by considering the strong crystal-field
effect due to induced polarization and internal strain in
SCOF. The 2p orbital of the F ligand hybridized more
with the Co 3d orbitals due to the reduction of Co2–F
bond length. Subsequently, the energy level of the Co
dz2 orbital is increased (see Fig. 2(c)). We also observe
that the O–Co2–O bond angle increases, which allows
the dx2−y2 orbital to come closer to the in-plane ligand
orbitals and rise its energy level while dxy is away from
them. In addition, positive bound charges at the inter-
face lower the energy level of the dxz and dyz orbitals.
Hence, the structural distortion in Co2 octahedron en-
hances the crystal-field splitting where the eg orbitals of
the Co2 atom that were partially occupied in the bulk
phase are now formally unoccupied. Empty dx2−y2 and
dz2 orbitals are recognizable in Fig. 4(c). Therefore the
electron configuration of the trivalent Co2 atom is ap-
proximately t
(6)
2g e
(0)
g and has the LS state.
On the other hand in the P2 heterostructure, the po-
larization is directed away from SCOF. Therefore, the
negative bound charge accumulated at the interface that
does not effect much on the local environment of the Co2.
As a result the change in the crystal field is not signif-
icant and the crystal field is very similar to the case of
NP configuration. Both eg orbitals of the Co2 atom are
now partially field. All d-orbitals in this case are com-
pletely filled with majority spin electrons. The minority
spin electrons are present only in the dxy orbital (see Fig.
4(d)). Hence, the electron configuration of Co2 in the P2
heterostructure is ∼ t
(4)
2g e
(2)
g , and exhibits the HS state.
The non-hybridization of the Co2 ion with F ligand or-
bitals is the witness for the HS state of the Co2 atom
in P2 configuration shown in Fig. 4(d). The relative oc-
cupation of majority and minority spin electrons in the
3d-orbitals in the different spin-state configurations are
schematically shown in Fig. 4(e). A similar trend is ob-
served in bulk SCOF and the NP configuration.
To conclude, we have demonstrated the polarization
induced spin-state switching and giant magnetoelectric
effect in structurally stable perovskite BTO-SCOF-BTO
heterostructures. Our calculations show that the mag-
netic properties of the Co2 atom in a SCOF layer can be
tuned by altering the direction of internal polarization
of BTO. Different bound charges at the interface created
due to the polar BTO slab influence significantly the en-
ergy levels of Co 3d orbitals. As a result, the different
polarization states in BTO induce a spin-state transition
of the central Co atom from HS to LS and LS to HS state.
The spin-state switching of the system due to a polariza-
tion change gives rise to a giant ME-coupling constant.
Our investigation provides a pathway for exploring new
polarization-induced spin switching in oxyfluoride spin-
crossover materials and to achieve record magnetoelectric
couplings.
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